Laser induced fluorescence is used to measure absolute nitric oxide concentrations in air, methane-air and ethylene-air non-equilibrium plasmas, as a function of time after initiation of a single pulse, 20 kV peak voltage, 25 ns pulse duration discharge. A mixture of NO and nitrogen with known composition (4.18 ppm NO) is used for calibration. Peak NO density in air at 60 Torr, after a single pulse, is ∼8 × 10 12 cm −3 (∼4.14 ppm) occurring at ∼250 µs after the pulse, with decay time of ∼16.5 ms. Peak NO atom mole fraction in a methane-air mixture with equivalence ratio of ϕ = 0.5 is found to be approximately equal to that in air, with approximately the same rise and decay rate. In an ethylene-air mixture (also with equivalence ratio of ϕ = 0.5), the rise and decay times are comparable to air and methane-air, but the peak NO concentration is reduced by a factor of approximately 2.5. Spontaneous emission measurements show that excited electronic states N 2 (C 3 ) and NO(A 2 ) in air at P = 60 Torr decay within ∼20 ns and ∼1 µs, respectively. Kinetic modelling calculations incorporating air plasma kinetics complemented with the GRI Mech 3.0 hydrocarbon oxidation mechanism are compared with the experimental data using three different NO production mechanisms. It is found that NO concentration rise after the discharge pulse is much faster than predicted by Zel'dovich mechanism reactions, by two orders of magnitude, but much slower compared with reactions of electronically excited nitrogen atoms and molecules, also by two orders of magnitude. It is concluded that processes involving long lifetime (∼100 µs) metastable states, such as N 2 (X 1 ,v) and O 2 (b 1 ), formed by quenching of the metastable N 2 (A 3 ) state by ground electronic state O 2 , may play a dominant role in NO formation. NO decay, in all cases, is found to be dominated by the reverse Zel'dovich reaction, NO + O → N + O 2 , as well as by conversion into NO 2 in a reaction of NO with ozone.
Introduction
Non-equilibrium air and oxygen-containing plasma chemistry has been extensively studied due to its importance for engineering applications such as NO x emission reduction [1, 2] , plasma assisted combustion [3, 4] , molecular laser development [5, 6] and plasma flow control [7] . In particular, numerous experimental and kinetic modelling studies of NO generation in low-temperature discharges have been conducted over the last two decades. However, the kinetic mechanism of NO formation in these environments, especially the role of vibrationally excited nitrogen molecules in the ground electronic state, N 2 (X 1 ,v), compared with electronically excited metastable species such as N( 2 D) and N( 2 P) atoms, as well as N 2 (A 3 ) molecules, is not completely understood. Relative contributions of these processes may well vary for different types of non-equilibrium discharges, depending on the reduced electric field, pressure and voltage waveform.
For example, Gordiets et al [8] concluded that in lowpressure (2 Torr) dc discharges in N 2 -O 2 mixtures, the principal NO formation channel is the reaction N 2 (X 1 , v > 12) + O → NO + N. Kinetic modelling by Guerra and Loureiro [9] resulted in a similar conclusion, although they predicted that both at low N 2 and low O 2 concentrations in the mixture, the reaction N 2 (A 3 ) + O → NO + N( 2 D) could also contribute significantly, up to 40-50%. These results are consistent with the study of low-pressure (0.1-2 Torr) pulsed RF discharge afterglow kinetics in N 2 -O 2 mixtures by Dilecce and De Benedictis [10] , who also found the former process to be dominant and estimated the contribution of the latter process to be about 35-40% in a mixture with 2% oxygen. On the other hand, Smirnov et al [11] determined that the dominant mechanisms of NO formation in low-pressure dc discharges (0.2-2.2 Torr) are the reactions N 2 (A 3 ) + O → NO + N( 2 D) and O 2 + N( 2 D) → NO + O. The same conclusion has been made by Ionikh et al [12] in low-pressure pulsed dc discharges (3 Torr) in a wide range of pulse durations and pulse repetition rates.
In high-pressure pulsed corona and dielectric barrier discharges, where vibrational excitation of nitrogen by direct electron impact is relatively inefficient, proposed dominant NO formation processes include the O 2 + N( 2 D) reaction [13] , O 2 + N( 2 D, 2 P) reactions [14] and a Zel'dovich reaction of oxygen molecules with ground state N atoms, O 2 + N( 4 S) → NO + N [15] . The latter reaction may occur at relatively high temperatures achieved in streamers. One of the main reasons for the disagreement between different experimental and kinetic modelling studies is that NO concentration has not been measured as a function of time after the discharge initiation. This, combined with the difficulty of measuring vibrational level populations of nitrogen in the ground electronic state, and with significant uncertainties in some of the reaction rate coefficients and branching ratios, severely limits insight into the kinetic mechanism of NO formation.
Over the last few years, there have been an increasing number of studies of a relatively new approach for the formation of large volume, diffuse, non-equilibrium plasmas, using high voltage (∼20-50 kV), ∼5-20 ns duration pulses produced at a high repetition rate (up to 100 kHz). Between the pulses, if desired, the plasma can be subjected to a second, sub-breakdown dc 'sustainer' field, which is applied via a second set of electrodes, orthogonal to those which apply the nanosecond duration breakdown pulses. This approach has two distinct advantages. First, since the ionizing pulse duration, ∼10 −8 s, is much shorter than the characteristic time scale for development of Joule heating/ionization instability, ∼10 −3 -10 −4 s [16] , which leads to glow-to-arc transition, stable repetitively pulsed plasmas can be sustained at much higher pressures and power loadings compared with other types of non-equilibrium plasmas. Second, unlike conventional selfsustained discharges, with this technique the sustainer voltage, which accounts for as much as 90-95% of the total input power, can be independently controlled. Specifically, the sustainer voltage can be chosen to tailor the reduced electric field, E/N , to a value optimum for excitation of the appropriate molecular energy states, such as vibrational levels of the ground electronic state nitrogen, N 2 (X 1 ,v), or low-energy electronic states of oxygen, O 2 (a 1 ) and O 2 (b 1 ). On the other hand, the high voltage pulses result mainly in the excitation of high-energy electronic levels of nitrogen and oxygen, as well as in their dissociation and ionization.
The use of repetitively pulsed nanosecond discharges has formed the basis for several recent studies of oxygencontaining, non-equilibrium plasmas, which focus on the kinetics of plasma assisted combustion [17] [18] [19] [20] [21] [22] [23] and electric discharge chemical oxygen iodine laser (E-COIL or DOIL) development [5, 6] . In these environments, nitric oxide generated in the plasma may strongly affect low-temperature fuel oxidation chemistry, combustion kinetics and laser performance. For example, it was found that trace quantities of NO (as low as 0.2 ppm) have a significant effect on promoting n-butane combustion [24] , a result which was attributed to OH formation by a reaction HO 2 + NO → NO 2 + OH. Increased NO production has indeed been detected in a premixed methane/air flame enhanced by a repetitively pulsed nanosecond discharge upstream of the flame, and has been attributed to excited metastable species reactions such as O + N * 2 → NO + N [19] . Also, adding nitric oxide to the baseline DOIL laser mixture (O 2 -He) significantly increases laser gain due to the O atom scavenging reaction NO + O → NO * 2 → NO 2 + hν [25] . These recent results demonstrate the need for measuring O atom and NO number densities in repetitively pulsed nanosecond discharges, with spatial and time resolution. Compared with time-independent measurements, timeresolved concentration measurements provide far more experimental information which can be used to obtain insight into the kinetic mechanisms of O atom and NO formation in these environments. Uddi et al have recently reported timedependent absolute O atom number density measurements in nanosecond pulse discharges in oxygen-helium [26] , as well as in air, air/methane and air/ethylene mixtures [27] , using the two photon absorption laser induced fluorescence (TALIF) technique [28, 29] . In this paper, we present time-dependent absolute NO density measurements in air, methane-air and ethylene-air pulsed plasmas using single photon laser induced fluorescence (LIF) [30] [31] [32] [33] [34] [35] [36] , and their comparison with kinetic modelling calculations. The main objective of this work is to elucidate the kinetic mechanism of NO formation in low temperature, nanosecond pulse discharges in air and air-fuel mixtures.
Experimental

Experimental apparatus
The experimental setup is similar to that used for our previous O atom measurements using two photon LIF [26, 27] . NO density measurements are performed in a flowing discharge 'flow reactor' fabricated from a single piece rectangular cross section quartz channel, 150 mm long × 22 mm span × 10 mm height, with flanges at the ends for connection of the gas inlet and exit lines and a test cell pressure sensor. The walls of the quartz channel are 1.75 mm thick. Two rectangular copper plate electrodes are attached directly to the outside surface of the channel and are covered by recessed acrylic plastic plates. The electrode plates are 14 mm wide and 63 mm long, and are rounded at the corners to reduce the electric field non-uniformity. Figure 1 is a schematic of the flowing cell and figure 2 is a photograph of the full assembly. The flow velocity in all the experiments is ∼1 m s −1 , corresponding to a residence time of the flow in the discharge region of approximately 0.08 s. As with our previous measurements, the flow residence time is designed to approximately match the 10 Hz repetition rate of the LIF excitation laser and the discharge repetition rate, ensuring that the probed fluid experiences only a single nanosecond discharge pulse prior to reaching the LIF measurement volume.
High voltage, nanosecond duration pulses are generated in air, methane/air and ethylene/air mixtures using a high voltage pulsed plasma generator. The work presented here utilizes a pulser manufactured by Chemical Physics Technologies (CPT) which is capable of producing 20 kV pulses with individual pulse duration of ∼25 ns and a maximum pulse repetition rate of 40 kHz. For all time-dependent measurements reported in this paper, however, the pulser is operated at 10 Hz, which matches the repetition rate of the NO LIF diagnostic laser and, as stated above, assures that each gas sample experiences only a single discharge pulse during its residence time within the flow reactor. Figure 3 shows a typical high voltage waveform for an individual pulse from the CPT pulser.
The NO LIF apparatus, illustrated schematically in figure 4 , utilizes a single 10 Hz repetition rate commercial The dye laser is scanned to excite the overlapping lines P 11 (4.5) + P 11 (13.5) and R 22 (10.5) at 226.333 nm [30] . NO LIF signal emitted perpendicular to the UV laser beam, from an approximately 4 mm diameter × 1 cm length cylindrical volume element, is 1 : 1 imaged onto the entrance slit of a small, low resolution (247 ± 6 nm) spectrometer. The spectrally filtered NO fluorescence is detected with a standard photomultiplier tube (Hamamatsu R3896). The captured broadband fluorescence corresponds to emission from the v = 0 level of the excited 2 state to the v = 2 level of the ground 2 state. For a particular delay time between the nanosecond discharge and probe UV laser pulse, the PMT signal is pre-amplified and averaged with a commercial boxcar averager, as the dye laser is scanned. A photodiode placed before the test cell detects diffuse UV scattering, providing a UV energy normalization channel that is continuously monitored during the laser scan. A photodiode placed after the test cell helps to monitor absorption and saturation effects. The timing of the experiments is controlled by a delay generator (triggered by the pulser) which triggers the laser and boxcar, in order to acquire signal at variable delay times with respect to discharge initiation. Initial experiments with the pulser were complicated by the electromagnetic interference which affected the laser (Q switch and flash lamp triggers), the autotracker and the PC controlling the dye laser tuning. This was overcome by connecting these instruments to power circuits separate from that of the pulser. The pulser/test cell was also placed on a separate optical table, electrically insulated from the table surface. Figure 5 (a) shows a typical NO LIF spectrum in the discharge in air, 220 µs after the discharge pulse, along with a least squares Doppler fit. Figure 5 (b) shows a typical spectrum obtained from a 4.18 ppm NO in N 2 calibration mixture, which is used to convert relative NO LIF signal into absolute NO number density, as described in greater detail in the next section. In addition to LIF spectra, broadband discharge images and spontaneous emission spectra have been obtained to verify plasma uniformity and to gain insight into the lifetime of some of the excited electronic states of N 2 and NO generated by the pulsed discharge. Broadband discharge images have been obtained using a gated UV sensitive microchannel plate intensified CCD camera (ICCD) equipped with a UV Nikon 110 mm f /5 lens. The intensifier was synchronized to the discharge pulses using low-voltage TTL pulses produced by the CPT plasma generator and a Stanford Research Systems delay generator. The ICCD camera gate was 2 µs. Both single shot and 10-100 pulse averages were obtained at a discharge pulse repetition rate of 10 Hz.
For emission spectroscopy measurements, the small monochromator/PMT shown in figure 4 is replaced with an optical multichannel analyzer (OMA) system consisting of a 1/4 m spectrometer and an ICCD camera. For all emission spectroscopy results presented here, the camera was gated at different delay times after the pulse, the pulser was operated at 10 kHz and the spectra were collected over ∼1 s of discharge operation. The ICCD camera was operated with a gate width of 12 ns (for N 2 (C-B) emission at 337 nm), and 200 ns (for NO(A-X) emission at 260 nm).
Details of NO LIF diagnostics
The basic spectroscopy of NO is very well known and will be only briefly summarized here [37] . The ground electronic state (X) has components of spin ( ) and electronic ( ) angular momentum parallel to the internuclear axis of 1/2 and 1, respectively, the coupling of which is best described using Hund's case (a). The term symbol is thus 2 3/2,1/2 , with spinorbit splitting of ∼119.8 cm −1 . In addition, each of the J levels is split by what is known as 'lambda doubling' but this splitting is quite small. The excited electronic state (A) has zero electronic angular momentum and hence is best described by Hund's case (b), with term symbol 2 + . Assuming that collisional quenching of the upper NO electronic state is independent of rotational quantum number, then for broadband detection it is easy to show that the total detected fluorescence, as a function of excitation laser frequency ν, can be written as [31] 
where the summation is over all transitions i which are excited by the laser. In equation (1), C opt is a product of constant factors which describe the optical collection, E p is the total laser energy per pulse, A and B i are Einstein coefficients for spontaneous emission and stimulated absorption, respectively, f Bi (T ) is the equilibrium Boltzmann fraction based on the rotational/translational temperature, Q(χ p , P , T ) is the A-state quenching rate, g i (υ, χ p , P , T ) is the line shape function which is a convolution between the laser and absorption spectral profiles and n NO = χ NO P /k B T is the NO number density, with NO mole fraction being χ NO . While, at least in principle, each of the factors in equation (1) can be determined absolutely, in practice it is much simpler, and more accurate, to employ some form of optical calibration. For this work we perform the calibration using a premixed and commercially analysed 4.18 ppm mixture of NO in N 2 at 60 Torr total pressure. Calibration spectra, similar to that of figure 5(b), are obtained by scanning the LIF excitation laser over the same transitions, P 11 (4.5) + P 11 (13.5) and R 22 (10.5) , as used for the spectra obtained from the discharge. Since in our single-pulse discharge experiments the temperature rise is less than 1 K, the factor
in equation (1) is identical for both the discharge and calibration spectra. Therefore, taking the ratio of the temporally (over the fluorescence decay time, which is much longer for the NO/N 2 calibration mixture) and spectrally (over the full lineshape) integrated signal, S f , normalized to instantaneous laser energy, we can determine the number density of NO in the discharge as Table 1 shows quenching cross sections at 300 K, Q, assumed in this work.
The assumed value of
is obtained from the experimental data of [32] . Note that NO(A 2 ) quenching by O 2 is much faster than by N 2 . This requires the use of a much longer boxcar integrator time gate in order to capture the full fluorescence signal from the calibration mixture. Note also that because the literature data for quenching of the NO(A 2 ) state by ethylene is limited, we repeated the measurement by obtaining time-resolved fluorescence single for several partial pressures of ethylene at a low total pressure in the range 1-5 Torr. The average value of 30.1 ± 1.8 Å 2 determined here is very close to the value of 28.6 Å 2 reported in [33] . Finally, note that quenching by methane is sufficiently slow that it was considered negligible in this work [34] .
In applying the NO LIF diagnostics described above, there are several issues which should be addressed. First, because NO is an inherently strong absorber care must be taken to assure negligible absorption of the laser beam as it propagates through the absorbing medium to the measurement location. This is of particular concern in large-scale facilities and/or facilities with high NO concentrations. In all of the present measurements the total pressure is relatively low (60 Torr) and, as will be shown, the NO mole fraction never exceeds approximately 4 ppm. In addition, although it is not actually necessary, the UV beam was deliberately brought incident to the flowing discharge cell from the gas inlet side (see figure 1) , rather than the exit. For discharge measurements, this minimizes the path length of the laser beam through the NO containing medium prior to its reaching the measurement location. For the 4.18 ppm calibration mixture, assuming a temperature of 300 K, the calculated absorption of the UV beam integrated along the 3 cm (half electrode length) path to the measurement location is found to be less than 0.04% at the centre of the P 11 (4.5) absorption line, which is the strongest of the three transitions probed. Note that the maximum absorption for the discharge mixtures (air, methane-air or ethylene-air) is even lower, since the peak mole fraction of NO is comparable and the spectral line width, due to increased quenching, is broader (∼3.6 GHz Voigt line width compared with a Doppler line width of ∼3 GHz). Since the relative population of the vibrational level v = 2 of the NO(X 2 ) state is a very small fraction of that of the level v = 0, radiative trapping of the v = 0 → v = 2 fluorescence is also completely negligible.
A second potential issue is the interference due to absorption from hot band transitions of the O 2 SchumannRunge bands (B 3 − → X 3 − ). As described in detail by Lee and Hanson [38] , this can be significant at temperatures above ∼1000 K, due to the thermal population of the O 2 (X 3 ) state vibrational levels v = 3, 4 and 5. No evidence of absorption was observed as the dye laser was scanned over the NO absorption transitions used for this work, which is consistent with the low rotational/translational temperature of ∼300 K in this work. It also indicates insignificant nonequilibrium population of the O 2 (X 3 ) vibrational levels, a result which is anticipated in this system, but has not been independently verified experimentally.
Finally, issues such as absorption by combustion products (CO 2 and H 2 O) and/or interference which can occur in fuelrich or non-premixed flames [35] are clearly irrelevant for air plasma measurements. While not explored in any detail, it is believed that this potential interference is also negligible for the methane/air and ethylene/air plasmas studied, due to very low concentrations (sub-ppm) of these species which are produced in the low-temperature, premixed plasma chemical flow reactor used in this work.
Results and kinetic modelling
Description of kinetic model
The kinetic model of the air plasma used in this work incorporates a set of ordinary differential equations for number densities of neutral species N, N 2 
produced in the plasma, as well as the energy equation for predicting the temperature of the mixture. This set of equations is coupled with the steady, two-term expansion Boltzmann equation for the electron energy distribution function (EEDF) of the plasma electrons [39] using experimental cross sections of electron impact electronic excitation, dissociation, ionization and dissociative attachment processes [40, 41] . The Boltzmann equation yields the rate coefficients of these electron impact processes by averaging the cross sections over the EEDF. The model also incorporates chemical reactions of ground state species and excited electronic species, electron-ion recombination and ion-ion neutralization processes, ionmolecule reactions and electron attachment and detachment processes. Rate coefficients of these processes are taken from [42] . The air plasma processes and the kinetic rates used are listed in table A1, in the appendix. This kinetic model, excluding processes (63) and (72), will be called the 'baseline' air plasma model throughout the rest of this paper.
To model methane-air and ethylene-air plasmas, the air plasma kinetic model was combined with the GRI Mech 3.0 [43] hydrocarbon oxidation mechanism and supplemented with methane and ethylene dissociation by electron impact and in reactions with electronically excited nitrogen molecules. Cross sections and rate coefficients of these reactions were taken from [44] [45] [46] [47] [48] [49] [50] [51] [52] . In particular, experimental electron impact dissociation cross section of methane into CH 3 + H [44] and theoretical electron impact dissociation cross sections of ethylene into C 2 H 3 + H, C 2 H 2 + H 2 , C 2 H 2 + H + H and C 2 H + H 2 + H [45] have been used. In methane and ethylene dissociation reactions by electronically excited nitrogen molecules, the quantum yield for H atom production was assumed to be equal to one, i.e. dissociation into CH 3 + H and C 2 H 3 + H was assumed. The list of these processes and their rates is also given in the appendix.
The high voltage pulse shape used by the code is a Gaussian fit to the experimentally measured pulse shape with the pulse FWHM of τ = 25 ns. The model does not incorporate the Poisson equation for the electric field and therefore does not take into account charge separation and sheath formation near the electrodes. The peak reduced electric field during the pulse was considered an adjustable parameter chosen to reproduce the peak O atom number density measured in a single-pulse nanosecond discharge air plasma at P = 60 Torr [27] , E/N = 250 Td. In the present calculations, both in air and in fuel-air mixtures the high voltage pulse energy was assumed to be the same. This assumption is based on the results of pulse energy measurements in a repetitively pulsed nanosecond discharge [22] , which showed that pulse energies in air and ethylene-air mixtures are nearly the same. Figures 6 and 7 show gated ICCD camera images of a repetitively pulsed nanosecond discharge plasma in air and in an ethylene-air mixture (at the equivalence ratio of ϕ = 1), at P = 60 Torr and a pulse repetition rate of 10 Hz. In each figure, the images shown were obtained from a single pulse (upper) and 100 pulse average (lower), using the same camera gate of 2 µs. In single-pulse images, multiple discharge filaments can be detected. However, it can be seen that the filamentary structure of the discharge is random and 'averages out' in images averaged over 100 pulses, in which the plasma emission appears diffuse and uniform.
Air results
Plasma images and spontaneous emission measurements.
It is well known that in typical non-equilibrium air discharges, excitation of the A 3 , B Figure 6 . Broadband ICCD camera images of nanosecond pulse discharge in air. P = 60 Torr, pulse repetition rate 10 Hz. Top, single pulse image; bottom, 100 pulse average. Camera gate 2 µs.
Figure 7.
Broadband ICCD camera images of nanosecond pulse discharge in ethylene-air. Equivalence ratio ϕ = 1, P = 60 Torr, pulse repetition rate 10 Hz. Top, single pulse image; bottom, 100 pulse average. Camera gate 2 µs.
of spontaneous N 2 2nd positive (C 3 → B 3 ) and NO β and γ bands emission spectra have been obtained using the OMA system described in section 2. Figures 8 and 9 show typical N 2 second positive system (0,0 band) and NO (β and γ bands) spontaneous emission spectra taken at different delay times after initiation of a single discharge pulse in air at P = 60 Torr. In these measurements, the ICCD camera gate was 12 ns (for N 2 positive system spectra) and 200 ns (for NO spectra). It can be seen that the N 2 second positive system emission decays after a few tens of nanoseconds, while NO β and γ band emission decays on a microsecond time scale. Figures 10  and 11 compare the normalized time-dependent integrated emission intensity for these two band systems, obtained from spectra such as those shown in figures 8 and 9, with normalized N 2 (C 3 ) and N 2 (A 3 ) populations predicted by the baseline air plasma kinetic model, described in section 3.1 and in the appendix. Note that in figure 10 the high voltage pulse peaks at t = 0, whereas in figure 11 the pulse is shown to peak, for logarithmic plotting purposes, at t = 100 ns. For the comparison shown in figure 11 , we are using NO(A 2 ) emission as a tracer for N 2 (A 3 ) relative population, due to a rapid energy transfer process,
with a rate coefficient of k = 6.9 × 10 −11 cm 3 s −1 [9] . time, which primarily occurs due to collisional quenching by oxygen,
with a characteristic time of τ ∼ 1/kn O 2 ∼ 1 µs (k = 2.5 × 10 −12 cm 3 s −1 [9, 53] ). Indeed, it can be seen that in both cases the model agrees well with the experimental Experimental O atom [27] and NO concentrations (symbols) and species concentration predicted by the baseline model (lines) after a single-pulse discharge in air. P = 60 Torr, pulse energy 1.0 mJ. measurements, both in air at P = 60 Torr and in 5% O 2 -95% N 2 mixture at P = 40 Torr. The results of figures 10 and 11 demonstrate that the model predicts decay time for timedependent populations of excited nitrogen states fairly well, a fact which will be alluded to in the discussion below.
NO LIF measurements.
In our previous work [27] , it was assumed that quenching of N 2 (A 3 ) by oxygen molecules occurs only through the reaction channel of equation (5a), resulting in oxygen dissociation. On the other hand, as will be shown below, the present experimental data suggest that vibrationally excited nitrogen molecules and/or O 2 (b 1 ) molecules generated by the reaction channel of equation (5b) may strongly affect NO formation by the pulsed discharge. In this paper, we assume that contributions of the two reaction channels are 70% and 30%, respectively (i.e. k 5a = 1.75 × 10 −12 cm 3 s −1 , k 5b = 0.75 × 10 −12 cm 3 s −1 ) [53] . This requires using higher ionizing pulse energy than in [27] , 1.0 mJ compared with 0.76 mJ, to match peak O atom number density produced after the pulse. Direct measurements of the pulse energy by integrating the voltage and current waveforms yield ∼1 mJ /pulse −1 ; however, these measurements produce significant uncertainty and run-to-run variation, comparable to the pulse energy averaged over several runs. Pulse energy in air and in air-fuel mixtures are assumed to be the same. Figure 12 plots populations of dominant neutral species and electrons after a single pulse in air at P = 60 Torr predicted by the baseline kinetic model, which consists of all processes listed in table A1, other than reactions (63) and (72). In this figure, as well as in all subsequent figures, the discharge pulse is indicated to peak at t = 100 ns. It can be seen that the O atom concentration predicted by the model is in very good agreement with the experimental results obtained in our previous paper [27] . On the other hand, it can be seen that the baseline model fails to predict the time-dependent NO concentration after the pulse. Note that in the baseline model, the dominant NO formation process is by Zel'dovich reactions involving ground state species:
In particular, NO is primarily formed in the forward reaction of equation (7), with the characteristic time of τ ∼ 1kn O 2 ∼ 30 ms (k f = 0.9 × 10 −16 cm 3 s −1 [42] ), and decays in the reverse reaction of equation (6), with the characteristic time of τ ∼ 1/kn N ∼ 25 ms (k r = 2 × 10 −11 cm 3 s −1 [42] ). At long delay times after the pulse, 0.1-1.0 s, NO is slowly converted into NO 2 by reacting with ozone,
(see figure 12 ) with the characteristic time of τ ∼ 1/kn O 3 ∼ 0.4 s (k f 2.4 × 10 −14 cm 3 s −1 [42] ). Note that since both the forward reaction of equation (6) and the reverse reaction of equation (7) have large activation energies, E a = 3.27 eV and 1.64 eV, respectively, they essentially do not occur at the low (300 K) temperature conditions of the present measurements.
From figure 12 , it can be seen that reactions of equations (6) and (7) do, indeed, predict very slow NO formation. Predicted NO concentration peaks approximately 30 ms after the pulse, compared with approximately 250 µs observed in the experiment (i.e. two orders of magnitude slower). Also, predicted peak NO concentration is a factor of ∼4 lower than the experimental value (∼1 ppm versus 4 ppm). Clearly, additional processes involving excited species, not taken into account by the baseline model, are responsible for the observed rapid NO formation (on a ∼100 µs time scale). In this regard note that the previously discussed spontaneous emission spectra have demonstrated that the major excited species generated by the discharge pulse are rapidly quenched, within tens of nanoseconds (for N 2 (C 3 ), see figure 10 ) or ∼1 µs (for N 2 (A 3 ), see figure 11 ). Therefore, NO formation in reactions of O atoms with electronically excited nitrogen, such as
(k = 7.0×10 −12 cm 3 s −1 [54] ) cannot explain the present data. In addition, referring to figure 12, quenching of the C 3 , B From figure 12 , one can also see that NO formation in reactions of electronically excited N( 2 D) and N( 2 P) atoms, which may be produced by electron impact dissociation of nitrogen during the pulse,
is also insignificant. Indeed, excited nitrogen atom generation would result in rapid NO formation by the reactions,
with the characteristic time of τ ∼ 1/kn O 2 ∼ 1 µs (k = 1. [42] ). Although this process may well occur at the conditions of the present experiments, its characteristic time is two orders of magnitude faster than the rise time for NO population, ∼100 µs. Also, the upper bound estimate of N( 2 D, 2 P) yield by electron impact dissociation, compared with ground state N( 4 S) atoms, is only approximately 10% (∼0.6 ppm), for which the predicted NO mole fraction 5 µs after the pulse would be in agreement with the experimental data, 0.3 ppm (see figure 12) . In other words, while reactions of equations (9) and (11) are likely to be responsible for some NO formation at short delay times after the pulse, t 1 µs (see figure 12 ), they cannot be the primary processes leading to the observed ∼4 ppm NO fraction maximum at t ∼ 250 µs.
At the low (40-60 Torr) pressure conditions of the current experiments, NO formation by N and O atom three body recombination,
occurs on a very long time scale, τ ∼ 1 s (k = 10 −32 cm 6 s −1 [42] ). Similarly, NO generation in reaction between N atoms and ozone, formed by the recombination of O atoms and oxygen molecules (see figure 12) ,
is also extremely slow, with characteristic time τ ∼ 1/kn O 3 ∼ 10 2 s (k = 2 × 10 −16 cm 3 s −1 [42] ). Finally, significant NO formation in ion-molecule and dissociative recombination reactions is also very unlikely because of the low ionization fraction, less than 1 ppm (see figure 12) .
From the data of figure 12 , it is clear that NO must be formed by the reaction of a metastable excited species which has a lifetime of at least a few hundred microseconds after the pulse, and which has a characteristic reaction rate of [47] , which gives a predicted decay time of τ ∼ 1/k V n N 2 ∼ 250 µs. This rate is consistent with the non-resonance vibration-vibration (V-V) rate coefficient for N 2 -N 2 , k VV (12, 0 → 11, 1) = 4 × 10 −15 cm 3 s −1 at T = 300 K, predicted by the V-V rate model [56] , which is in very good agreement with recent N 2 -N 2 V-V rate measurements [57] . Note that at room temperature, the net relaxation rate of vibrationally excited nitrogen for v ∼ 10 is controlled by the non-resonance V-V processes since vibration-translation (V-T) relaxation rates for N 2 -N 2 are extremely slow [56] . Similarly, O 2 (b 1 ) molecules are quenched in collisions with nitrogen to form O 2 (a 1 ) with the same characteristic time, τ ∼ 1/kn N 2 ∼ 250 µs (k = 2 × 10 −15 cm 3 s −1 [42] ). This decay time is close to the time at which NO mole fraction reaches its maximum (see figure 12 ). Note that O 2 (a 1 ) is not a likely species to affect NO formation significantly since the characteristic time for O 2 (a 1 ) reaction with N atoms,
is extremely long (τ ∼ [58] . However, for the upper bound rate coefficient of this reaction of k ≈ 3 × 10 −12 cm 3 s −1 (i.e. the value close to the pre-exponential factor of the net second Zel'dovich reaction of equation (7)), the number density of O 2 (v 2) molecules would have to be n O 2 (v) ≈ 2 × 10 15 cm −3 (mole fraction of 10 −3 ) to produce the required reaction rate of ν NO ∼ 4 × 10 16 1 cm −3 s −1 . This estimate exceeds mole fractions of all other excited species predicted by the model by more than an order of magnitude (see figure 12) . Also, vibrational energy stored in O 2 (v 2) molecules at this number density would be close to the total discharge pulse energy density, ∼0.1 mJ cm −3 . Therefore, we consider this scenario to be unlikely. This leaves O 2 (b 1 ) and N 2 (X, v) as two likely candidate species to cause NO formation on the observed ∼100 µs time scale after the pulse.
To test this hypothesis we have considered three different NO formation scenarios: (i) the baseline model discussed above, (ii) model II, the 'N 2 (X, v) model' in which NO is formed by reaction
and (iii) model III, the 'O 2 (b) model' in which NO is generated by reaction
In model II, vibrationally excited nitrogen molecules, N 2 (X, v 12), are treated as a single species, i.e. state-specific vibrational kinetics is not considered. This is justified if the rate of near-resonance V-V exchange, (v, v → v − 1, v + 1), is much slower compared with the rate of non-resonance 1E-6 1E-5 1E-4 1E-3 1E-2 1E-1 1E+0
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In equation (18) [56] , which gives f v 10 −3 -10 −2 . At the present conditions, the predicted relative fraction of N 2 (X, v) molecules is f v ∼ 10 −5 (see discussion below). In models II and III, the rate coefficients of reactions of equations (16) and (17), respectively, were chosen to provide the best fit to peak NO concentration measured. The rate of reaction (5b), producing N 2 (X, v) and O 2 (b 1 ) molecules was assumed to be 30% of the total N 2 (A 3 ) quenching rate by O 2 [53] . Note that direct experimental measurements of the rate of reaction between highly vibrationally excited N 2 molecules on the ground electronic state and O atoms (reaction of equation (16)) at room temperature are not available. Two theoretical models have been developed, one based on the information theory approach [59] and assuming an electronically adiabatic reaction mechanism [60] , and the other assuming a non-adiabatic mechanism with formation of an intermediate complex N 2 O * (X 1 + )) [61] . These two models predict the state-specific reaction rate coefficient above the threshold (i.e. at v > 12) of 10 −13 -10 −11 cm 3 s −1 and 10 −13 -10 −12 cm 3 s −1 at T = 300 K, respectively. Figure 13 compares species concentrations predicted by model II with the experimental results. To match the peak NO concentration measured in the experiment, in these calculations the rate coefficient of the reaction of equation (16) was assumed to be k f = 5.0 × 10 −11 cm 3 s −1 , which is a factor of five higher than the upper bound of reported theoretical predictions [60, 61] . It can be seen that the time dependence of the NO concentration predicted by the model is in good agreement with the experiment. In model II, peak NO concentration is controlled mainly by the forward rate of reaction (16) and the reverse rate of reaction (6),
Therefore, peak NO concentration exhibits nearly linear dependence on k f . In other words, reducing the rate coefficient of reaction (16) by a factor of 2 would result in a factor of 2 reduction in peak NO concentration. Figure 14 is analogous to figure 13 , comparing species concentrations predicted by model III with the experimental data. To match the experimental peak NO concentration, in this calculation the rate coefficient of the reaction of equation (17) was assumed to be near gas kinetic, k = 2.5 × 10 −10 cm 3 s −1 . This assumption appears somewhat farfetched since the upper bound estimate for the rate coefficient of this reaction is about three orders of magnitude lower, k ∼ 10 −13 cm 3 s −1 [62] . It can be seen that in this case the predicted time-dependent NO concentration also becomes close to the experimental results. Figures 15 and 16 compare the experimental O atom and NO mole fractions with the three model predictions. From figure 15 it can be seen that for all three cases, the predicted O atom concentrations are similar and all agree well with the experimental results. This is to be contrasted to figure 16, which shows significant differences between the three modelling predictions, particularly between model I and models II and III. In models II and III, NO decay after reaching its peak value is primarily due to the reverse reaction of equation (6) . It can be seen that model II somewhat overestimates the NO decay rate while model III somewhat underestimates it. Since both the reverse rate of the reaction of equation (6) and the peak NO number density are known, N( 4 S) atom mole fraction at t ≈ 0.5 ms can be inferred from the measured NO decay rate at t = 0.5-10 ms. The resulting estimate is approximately 5 ppm, which is close to the predicted N atom fraction generated by electron impact dissociation of nitrogen during the pulse (6 ppm, see figures [12] [13] [14] . This result provides further validation of the kinetic model used. In all three models, at long delay times after the pulse (0.1-1.0 s), NO is converted into NO 2 in reaction of equation (8) The present experimental results do not provide sufficient information to determine which one of the two NO formation mechanisms (model II or model III) is realized and/or dominates. Both of them produce similar results, although the mechanism of case III (i.e. NO formation via O 2 (b 1 ), see equation (17)) appears rather less likely because of the requirement to increase the rate coefficient by a factor of 10 3 as compared with the reported estimate [62] . Note that recent CARS measurements in a pulsed nanosecond discharge [63] demonstrate that the vibrational temperature of nitrogen in the ground electronic state after the pulse is significantly higher than the rotational temperature (although the pulse energy density for the point-to-point geometry used in their experiments was much higher). This shows that significant vibrational disequilibrium in the decaying afterglow plasma can be achieved even at very high reduced electric field (E/N) values during the pulse, i.e. at the conditions when energy fraction going to direct vibrational excitation by electron impact is fairly low [16] . We believe that time-dependent measurements of N( 4 S) atom number density after the pulse will provide further insight into the mechanism of NO formation at the present conditions. Indeed, comparison of figures 13 and 14 shows that model II predicts an overshoot in the N atom density at t ∼ 10 −4 -10 −3 s (due to N atom production by reaction of equation (16)), while model III predicts an N atom density drop at this time scale (since N is one of the reactants in reaction of equation (17)). Therefore, detecting the N atom density overshoot 0.1-1.0 ms after the pulse would strongly suggest that model II is the dominant NO formation mechanism, while its absence would be an argument in favour of model III. Measurements of N( 4 S) by two photon laser induced fluorescence (TALIF), similar to our previous O atom measurements [26, 27] , are planned for the near future.
Air/fuel results
To test applicability of the suggested NO formation mechanisms (models II and III) for hydrocarbon-air mixtures, we have obtained a set of time dependent NO concentration data in methane/air and ethylene/air mixtures at the equivalence ratio of ϕ = 0.5. As can be seen in figure 17 , the methane/air data are essentially identical to the results in air, whereas the ethylene/air data exhibit a similar rise and fall rates, but a lower peak NO mole fraction (approximately by a factor of two). To model these results, we used the non-equilibrium air plasma model (see appendix, [47] . The vibrational relaxation rate of N 2 (X, 5 v 13) in collisions with ethylene was assumed to be the same as for methane. The assumed rates of reactions of equations (16) and (17) were kept the same as in air.
Figures 18 and 19 compare the experimental O atom and NO mole fractions in a ϕ = 0.5 methane-air mixture with the predictions of the three models. From figure 18 , it can be seen that the O atom concentrations predicted by all three models are, again, in good agreement with the experiment. As noted above, adding methane to air has almost no effect on the measured NO number density (either the rise time or its peak value, see figure 17 ), which suggests that the rate of quenching of NO-generating metastable species (either N 2 (X, v) or O 2 (b 1 )) by methane is slow. Similar to air, NO concentration in methane-air predicted by the baseline model (model I) peaks much later than in the experiment, ∼3 ms after the pulse compared with ∼500 µs, and the peak predicted NO concentration is about a factor of 4 lower than the experimental value (see figure 19 ). Although models II and III improve agreement with the experiment considerably, the predicted NO rise times for both these models are still noticeably longer than measured.
The results in an ethylene-air mixture at the same equivalence ratio, ϕ = 0.5, are similar to methane-air (see figures 20 and 21) . In ethylene-air, peak measured NO number density decreases by about a factor of 2 compared with air and air-methane (see figure 17) , suggesting more rapid NOgenerating metastable species quenching by ethylene. Again, O atom concentration predicted by all three models is in good agreement with the experimental data (see figure 20) , whereas the rise time for NO concentration predicted by the baseline model is significantly longer than in the experiment (see figure 21 ). In addition, note that the NO concentration predicted by the baseline model peaks more rapidly in 
Summary and conclusions
LIF is used to measure absolute NO number density as a function of time after initiation of a single approximately 20 ns duration discharge pulse in air, methane-air, and ethyleneair mixtures at 60 Torr total pressure. Complementary timedependent spontaneous emission spectra of the N 2 (C ) , respectively, to the baseline air plasma model are both shown to give good agreement with the experimental time-dependent NO concentration in the air plasma. This suggests that these excited species may play a key role in NO formation in nanosecond pulse duration, lowtemperature discharges. Comparison of the kinetic modelling calculations with the experimental data also suggests that measurement of ground electronic state N atom number density may provide further insight into NO formation kinetics in repetitively pulsed low-temperature plasmas. Table A1 . Air plasma processes. [42] Peak NO mole fraction in a methane-air mixture at the equivalence ratio of ϕ = 0.5 is found to be approximately equal to that in air, with approximately the same rise and decay rate. In a ϕ = 0.5 ethylene-air mixture the rise and decay times are comparable to air and methane-air, but the peak NO concentration is reduced by a factor of approximately 2.5. The baseline kinetic model, supplemented with GRI Mech 3.0 hydrocarbon oxidation mechanism, greatly underpredicts the rate of NO formation in both the methane-air and the ethylene-air mixtures. Again, model II and especially model III are found to improve the agreement between the model and the experiment. However, the rates of the two key reactions incorporated into models II and III (reactions of equations (16) and (17)) have not been measured directly and are only known with a significant uncertainty. For this reason, the results of the present calculations can only suggest the possibility of NO formation in low-temperature plasmas by the mechanisms of models II and III, and additional experiments (in particular, time-dependent N( 4 S) atom number density measurements) are necessary to provide further insight into this process. [51] 
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